An automated GIS tool and its computational outcomes on the spatial distribution of runoff and soil erosion are presented. The developed tool, named Automated Soil Erosion Assessment Tool (ASEAT), simulates runoff and soil erosion rates based on the concept of erosion processes suggested by Morgan-Morgan-Finney (MMF) in 1984. ASEAT is provided with a user-friendly graphical user interface (GUI) to interact with the users. The computational algorithms used are made fully automated and have been developed using the ERDAS Macro Language (EML) and Spatial Macro Language (SML). The developed modelling methodology is applied to the data of an experimental watershed of Pathri Rao in the Indian lower Himalayan region. Generated spatial distribution of runoff potential and soil erosion rates for the studied watershed using ASEAT are depicted by maps. The model-computed surface runoff potential (145.63 mm) available in the watershed seems fair when compared with the runoff depth (176.07 mm) observed at the watershed outlet. The derived estimates of soil erosion are validated, albeit qualitatively, with field observations and seem reliable for making decisions on the adoption of soil erosion conservative measures in the watershed. An understanding of the development and limitations of the USLE is necessary to obtain accurate results with it. The equation can only predict a few types of erosion rates under a limited set of circumstances. It predicts inter-rill and rill erosion, but not gully, channel, stream bank or mass erosion. It was designed to model long-term erosion rates and not storm-based erosion. The accuracy of the equation
INTRODUCTION
Assessment of the pattern and the amount of soil erosion is necessary to provide information needed by soil conservationists. Several computer simulation models are available for this purpose such as Universal Soil Loss Equation (USLE), which is a statistical model developed, modified and updated by Wischmeier & Smith (1978) , AGNPS (Young et al. 1987) , ANSWERS (Beasley et al. 1980) , WEPP (Nearing et al. 1989 ) and SWAT (Arnold et al. 1998) . Such models are becoming increasingly popular as these provide a quantitative and consistent approach for estimating rates of soil erosion for different climatic regions with a wide range of land use and management practices.
Among these models, the USLE has remained the most practical method of estimating soil erosion potential in fields and to estimate the effects of different control management practices on soil erosion for nearly 40 years (Dennis & Rorke 1999; Kinnell 2000) . Although USLE has been used widely through various modified versions, its application in mountainous terrain with steep slopes is still questionable. This equation, though universal in name, has limitations in terms of its universal application to many areas outside the United States of America. Nevertheless USLE provides a useful background in understanding the erosion process.
declines when short-term rainfall records are used.
However, the process-based models like AGNPS, ANSWERS, WEPP, SWAT, etc, overcome the limitations of USLE but are much more expensive because of the need for descriptive physical details of the processes involved. Morgan et al. (1984) presented a simple physically based model for predicting annual soil loss from field-sized areas on hillslopes (hereafter referred to as the MMF model).
They used the concepts proposed by Meyer & Wischmeier (1969) and Kirkby (1976) to provide a stronger physical base than the USLE for erosion estimation, yet retaining the advantages of an empirical approach for process simulation and data requirement. The model was validated by the developers using erosion plot data for 67 sites in 12 countries and then applied to simulate erosion over a 100-year period in Malaysia under shifting cultivation.
Since then, due to the simplicity, flexibility and strong physical base, several researchers have used the MMF model successfully in a wide range of environments ranging from Indonesia (Besler 1987) to Nepal (Shrestha 1997 ) and the Rocky Mountains (Morgan 1985) . De Jong & Riezebos (1992) incorporated the model into a Geographical Information Systems (GIS) from which De Jong (1994) developed SEMMED (Soil Erosion Model for Mediterranean areas) and applied it to the Bas-Vivarais area of Ardè che Province, southern France, using remote sensing as the data source. Paracchini et al. (1997) applied SEMMED to the 100 km 2 Timeto watershed in Sicily. Likewise studies by Ulanbek (2000) , Jain et al. (2001) , Patel et al. (2002) , Kumar & Sharma (2005) and Ramsankaran et al. (2007 Ramsankaran et al. ( , 2009 ) have been reported for the successful application of the MMF model in Indian Himalayan watersheds.
In almost all the studies reported above, researchers used the MMF concepts by utilizing separate codes for the GIS component instead of integrating the MMF concepts with a GIS system. The use of uncoupled GIS analysis involves a lot of work in exchanging the datasets, analysis and formatting the results, which in turn demands skilled manpower to do complex GIS analysis. To avoid these complications and make the analysis easy, fast and reliable, the concept of automated decision support systems was developed for different purposes. This type of GIS-driven system is popularly called Spatial Decision Support Systems (SDSS).
As no such automated tool for MMF-based soil erosion assessment has been reported in the scientific literature, an attempt has thus been made to automate the entire simulation process of the MMF model. As a result, an automated grid GIS-based tool has been developed herein and tested in soil erosion studies for the watershed of Pathri Rao, a medium-sized Himalayan watershed located at the foothills of the lower Shiwalik ranges of the Himalayas in the Garhwal region of India.
MMF (1984) MODEL
The MMF model is divided into two distinct phases of simulation, viz. the water phase and sediment phase. In the water phase, an estimation is carried out of the kinetic energy due to rainfall exerted on the soil and the volume of overland flow. Kinetic energy (E) expressed as J/m 2 can be calculated from annual rainfall (R) and the intensity (I) of the erosive rain as represented by Equation (1):
where R is in mm and I is in mm/h. The annual overland flow (Q) in mm is calculated from the average annual rainfall, number of rain days during the year, landuse type and soil type of the area by using Equation (2):
and MS is soil moisture content at a field capacity of 1/3 bar tension (% w/w), BD is the bulk density of the top layer (Mg/m 3 ), RD is topsoil root depth (m) defined as the depth of soil from the surface to the stony impermeable layer; to the base of the A-horizon, to the dominant root base or to 1.0 m, whichever is shallowest and
where R n ¼ number of rainy days.
This sediment phase of the MMF model carries out the estimation of the sediment transport capacity of the overland flow and rate of detachment by raindrop impact. The transport capacity due to overland flow (G) is dependent on the volume of overland flow (Q), crop cover management factor and the topography of the area and is expressed in kg/m 2 and is given by Equation (5):
where C crop cover management factor S steepness of land slope expressed in degrees.
The rate of soil detachment by raindrop impact (F) depends on the kinetic energy of the rainfall and soil detachability index. The rate of detachment is expressed in kg/m 2 and is given by Equation (6):
where K soil detachability index (g/J)
A percentage of rainfall contributing to permanent interception and stream flow a and b are coefficients with a ¼ 0.05 and b ¼ 1.0.
The estimates of soil particle detachment by raindrop impact (F) are then compared with the annual transport capacity (G) and the lesser of the two values is the annual erosion rate.
AUTOMATED SOIL EROSION ASSESSMENT TOOL (ASEAT)
A GIS-based tool called Automated Soil Erosion Assessment Tool (ASEAT) is developed herein to provide an easy-to-use interface for estimating surface runoff and soil erosion rate by using the concepts of Morgan et al. (1984) .
For customising the spatial analysis module, the object- The interface consists of four tab frames and two buttons "Ok" and "Cancel" (Figure 1 ). The first tab frame "General" provides the general information about the interface, while the second frame "Inputs" is used for 
DESCRIPTION OF THE STUDY AREA
The Pathri Rao watershed is situated between the latitudes of 29806 0 N to 30802 0 N and longitudes of 78800 0 E to 78806 0 E and having elevations ranging from 220-730 m above the 
DATA AND SOFTWARE USED
In this study, different types of data have been used to extract the necessary information for use as input to the ASEAT module. These are: 
FIELD OBSERVATIONS
For the purposes of this study field observations have been made for the year 2005. As the hydrological response of the modelling tool would undoubtedly be governed by the quality of the inputs, a distributed approach to represent the spatial heterogeneity of the watershed characteristics and hydrological inputs has been adopted. To represent the spatial pattern of rainfall in the watershed, data from three meteorological stations, which are located inside the watershed or in its close proximity, have been utilized.
The spatial locations of these rain gauges are shown by the corresponding Voronoi polygons' map ( Figure 6 ).
The watershed was gauged at its outlet for the present study to make observations on surface runoff discharge and sediment load transport. The gauging site was installed with a manually operated stage recorder ( Figure 7 Based on this, the discharge flowing through the stream at the outlet was worked out.
The measurements for the sediment load at the gauging site were made by manually collecting sediment -water mixture samples at every 1 h interval using one litre cylindrical bottle sediment samplers. The dates on which the storm events were sampled are listed in Table 1 . The storm events (Table 1) intensive field campaigns (Kothyari & Ramsankaran 2010) . The sediment production rate from these observed storm events was determined by using currently made observations. Summarized data from the field observations on the date of the storm event, rainfall, runoff and sediment yield are given in Table 1 . The annual values of these variables are also worked out in Table 1, given that about 85% of the rainfall -runoff events occurred during the observed period measured. Further, the annual rate of sediment production as determined by summing up the sediment production rates for the individual storm rainfall events measured during the year was divided by the watershed area to produce the annual sediment yield expressed as tonnes per hectare.
GENERATION OF INPUTS
The proposed interface for the MMF model uses six operating functions, for which 15 parameters are required.
All these could be generated from various datasets through the use of documented procedures as explained below.
The watershed boundary was extracted from the Survey of India (SOI) topographical maps at a scale of 1:50 000 Table 2 ).
In the present study, cloud-free digital data from IRS-1C
LISS-III has been used for extracting landuse information.
Initially, the satellite data has been registered with the base map of the area by matching prominent identifiable features such as road crossings, canals, bridges, etc, on both the base tions of these techniques are given by Jensen (1996 Jensen ( , 2000 and Schowengerdt (1997) , amongst others. Ghosh (1991) used these techniques along with the original data to classify landuse for the Scottish Basin and used its output as input into the SWM4 model. It was observed that nearly 26% improvement in classification accuracy could be achieved by including these transformed datasets along with the original data. Hence the same approach, i.e. using the original satellite data along with synthetically generated data (such as TC and PCA extracted from the original data), is used in the present study for classifying land use and land cover.
For the purpose of generating TC and PCA images, all the bands of the above-mentioned IRS LISS III image have been used. Since the TC coefficients for LISS III are not available, LISS II TC coefficients have been used (Table 3) to generate a greenness image. The resultant TC greenness image ( Figure 10 (Table 7) as suggested by Morgan et al. (1984) . The rainfall for the simulation year is provided in a spatially distributed manner by considering the rainfall observed at three stations for deriving R, R o and R n values for each grid cell ( Figure 6 ).
The complete procedure adopted for extracting and generating the above-mentioned input parameters is depicted in Figure 13 , which is self-explanatory.
SIMULATION METHODOLOGY
The digital layers of the spatially distributed thematic map of DEM, landuse, soil and rainfall containing the attributes 1 -dense scrub, 2 -river, 3 -dry deciduous forest, 4 -mango plantation, 5 -wastelands without scrubs, 6 -wastelands with scrubs, 7 -forest plantation, 8 -Kharif þ Rabi (double crop), 9 -forest blanks, 10 -fallow land, 11 -habitations/hamlets. the transport capacity is greater than the rate of soil detachment, the soil detachment value is adopted as the soil loss value. Similarly, if the rate of soil detachment is higher than the transport capacity of overland flow, then the value of transport capacity is adopted as the soil loss value. The spatial model then analyzes each pixel in the given attribute layers. Based on the output value of erosion Overall kappa statistics 0.8208 for each pixel, the minimum value in the output layer is taken as the erosion rate of that particular pixel and similarly for the whole study area. As already mentioned, the complete procedure is made fully automated using EML and SML tools available within the ERDAS IMAGINE software.
RESULTS AND DISCUSSIONS
The derived pixel-based magnitude and spatial distribution of overland runoff potential and soil erosion rates in the Pathri Rao watershed are shown respectively in Figures 14 and 15. The estimated overland flow (surface runoff) potential available in the watershed is 6,398,954 m 3 /yr, which indicates that more than 80% of the precipitation was infiltrated into the ground. Due to the low surface runoff potential, the availability of water becomes a crucial factor for drinking and agricultural production in the downstream region of the watershed, particularly during the summer months when rain normally does not occur. In the absence of other information a comparison between the computed surface runoff potential of the watershed with the total runoff from the watershed observed at its outlet is made and given in Table 8 , which seems realistic consider- ing the small amount of infiltration loss that may occur till all the generated surface runoff reaches the watershed outlet. This is convincing since the catchment area of the watershed is small (, 43.93 km 2 ) and hence routing effects on the runoff would be small. However, there is a need to further improve the MMF model to also simulate the process of surface runoff routing through the watershed. Similarly, the model estimated average annual soil erosion rate of 11.47 t ha 21 within the watershed appears to be reasonable. While the annual sediment yield observed through the present study at the watershed outlet is 3.6 t ha 21 , considering the complex natural process involving soil detachment, transport and deposition within the watershed, the value estimated by the MMF approach compared favorably with observations. The generated spatial digital soil erosion maps give an approximation of sediment source areas and spatial distribution of soil erosion intensity. Nevertheless, it does not represent sediment yields from the cells or the watershed. It is important though to validate the accuracy of the predicted rates of soil erosion to ensure the predictive accuracy of the model and to demonstrate to potential users so that definite decisions can be made based on such estimates. However, due to the lack of ground observations on the spatial distribution of soil erosion, it has not been possible herein to provide such a validation.
The model outcomes are therefore verified qualitatively by georeferenced field checking and through expert knowledge-based analysis by considering the prevailing landuse type, topography, existing management practices and the literature-based estimates such as those suggested by Garde & Kothyari (1987) for the lower Himalayan watersheds. Based on these checks it is concluded that the MMF-ASEAT produced realistic values of the soil erosion estimates and its spatial distribution pattern too. The fact is that the soil erosion in this watershed is more based on the transport process due to the ephemeral nature of runoff.
Thus a limiting condition exists on the transport of sediments for large distances, and hence the scenarios such as the present one may favour the applicability of the present model. Even though in quantitative terms the soil erosion rates obtained in this assessment may not be very precise, the model outputs can still be used to identify the soil erosion-prone areas with a high level of confidence.
Based on the soil erosion rates, as per Morgan (1995) , areas within the watershed are presently classified as slight, moderate, high and severe erosion potential zones as listed in Table 9 . An inter-comparison between the distributed vales of soil erosion rates, DEM and landuse indicated that the areas of high soil erosion belong to undulating topography and uncultivated slopes. Table 9 also indicated that about 79% of the watershed area belongs to the no or very slight soil erosion category.
It is recommended that the zones of high and severe erosion potential be given immediate attention for their treatment by soil conservationists. The alterations made, if any, in the existing landuse pattern shall result in large changes in the production of soil loss. The rates of soil erosion shall increase in the case that forested land is converted into agricultural land to meet the demand for food for a growing population.
SOIL LOSS PER LANDUSE TYPE
The rates of soil erosion are compared within the different landuse categories by superimposing the map of soil erosion rate over the landuse map in the GIS environment (Tables 10 and 11 ). It is observed that soil loss from the dry deciduous forest, forest plantation and hamlets are the The model is found to produce realistic estimates of the spatial distribution of the overland flow potential and rates of soil erosion in the watershed of Pathri Rao. The distribution of soil erosion for different landuse types indicated that wasteland without any scrub to be the most erosion-prone, with deciduous forested land to be the least prone to soil erosion. 
